angular acceleration ofthe head in the plane of a semicircular canal causes movement of endolymph relative to the membranous walls of the canal, and this movement causes displacement of the cupula from its resting position with a resulting influence on the hair cells of the crista so that information about the angular acceleration is transmitted from the canal's ampullary nerve to the brain. It is thought that the receptor mechanism constitutes a highly damped torsion pendulum in which the circle of endolymph provides inertia and viscous damping, and' the cupula provides elasticity. Within physiological limits of the stimulus, the position of the cupula and also the neural signal are thought to represent angular velocity of the head (8-10, 14, 17, 19, 20, 23, 31, 34 ). In such a mechanism the specific gravity and the viscosity of endolymph are basic constants (36). The specific gravities of the cupula and of the membranous canal wall with enclosed endolymph are also of interest because of the possibility (1, 2, 7, 11, 16, 2 1) that the hair cells of the semicircular canal can be stimulated by changing linear accelerations or by gravity. In the pigeon, all the desired samples could be collected from the living animal, and relatively large volumes of endolymph could be collected free of blood.
METHODS
Dissection. The pigeon's wings and legs were immobilized with masking tape, and the feathers were clipped from the skin behind the external auditory meatus. The bird was anaesthetized with ether for specific gravity determinations, or with Equi-Thesin (a combination of chloral hydrate, pentobarbital, and propylene glycol) for viscosity determinations, and a tracheotomy tube was inserted. The bird's head was immobilized in a holder, and the Zeiss operating microscope was used for the dissection. The skin behind the external auditory meatus was incised vertically and retracted, and the bony shell overlying the vestibular apparatus was removed. Trabecular bone was removed from the bony semicircular canals and vestibule with forceps, revealing the view shown in Fig. 1 .
Collection of periljmph and endoljmph samples. Perilymph samples were taken from the semicircular ducts. In the initial experiments a hole in the bony canal was cut with a scalpel, but later (for viscosity determinations) the hole in the bony canal was bored with a fine probe. A micropipette was immediately inserted, and the perilymph was collected by gentle suction. The micropipettes were pulled by machine from glass tubing 2.2 mm diam, and the tapered tips were cut and fire polished at a diameter of approximately 0.05 mm. Average samples of perilymph were 0.003 ml in volume.
Endolymph samples were usually taken from the anterior (superior) semicircular canal. The bony canal was quickly opened along half of its length by chipping the bone away with a small hook. The membranous canal was seized near the ampulla with fine pointed forceps, and it was pulled out (stretching the canal only on the ampullary side of the forceps) and cut across with scissors on the ampullary side of the forceps. The forceps were then used to bend the membranous canal out of the bony canal, and the part squeezed by the forceps was cut off with scissors. The scissors usually sealed the cut end of the canal by pinching, but the capillary tip was pushed through this seal and endolymph was collected by gentle suction. The endolymph samples varied from 0.001 to 0.0025 ml in volume.
Both perilymph and endolymph samples were examined for blood under the 40 X power of the operating microscope, and if any evidence of blood contamination was detected, the sample was discarded.
Pigeon blood diluted one part to 5,000 in Ringer solution was readily visible with this technique. Roughly one-third of the samples were blood free and were used for specific gravity or viscosity determinations.
Inclusion of cupula in endolymgh sample. Since any attempt to remove the cupula free of endolymph would result in drying and alteration of its specific gravity, the cupula with its surrounding endolymph was drawn into a micropipette. The bony ampulla was first chipped away with a scalpel blade and the membranous ampulla was exposed. A hole was opened in the membranous ampulla by cutting it against the remains of the bony ampulla, using a straight, pointed scalpel. The micropipette was inserted into the membranous ampulla, and the contents of the ampulla (endolymph and cupula) were removed. The absence of the cupula from the ampulla following this procedure was confirmed in each case using Rlcian blue stain, which adequately colors the cupula.
The technique for removing the cupula was checked originally by staining the contents of the micropipette, and pieces of blue staining material, presumably cupula, were seen in samples drawn from the ampullae but not in samples drawn from the membranous ducts. Ampullary samples used for specific gravity determinations were not stained, since staining would alter the specific gravity, but these samples were tested for blood contamination in the usual way before being passed for specific gravity determinations. Additional samples of endolymph from the membranous duct (without the cupula) were collected for direct comparisons of the specific gravity of endolymph-plus-cupula with that of pure endolymph in the same density gradient column.
Preparation of lengths of membranous canal. The blood sinuses which parallel the bony semicircular canals in pigeons were scraped off and sealed with bone wax. The bony canal and the enclosed membranous canal were then cut across with scissors in two places, and the length (approximately 3 mm long) of membranous duct was pulled out of the bony sheath with forceps. The shearing action of the scissors pinched off the free ends of the membranous duct so that the endolymph did not run out. Measurement of specifc gravity. Since the samples were generally of the order of 3 ~1, it was not possible to obtain an accurate measure of density by measuring mass and volume, so the densities were measured with a density-gradient column. For the endolymph and perilymph and cupulae, the column was made with two silicones (Dow Corning 702 fluid and 200 fluid) which were mixed so that the density varied continuously from 1 .O 115 g/ml at the bottom of the cylinder to 1.0050 g/ml at the top, at 23.0 C. For the lengths of membranous canals with enclosed endolymph, the column was made with Dow Corning 555 fluid and 200 fluid so that the density varied from 1.065 g/ml at the bottom to 1 .O 15 g/ml at the top. The silicone fluids were washed 4 times with distilled water before use, and although they were the least miscible with water of many fluids tried, it was necessary to fix inside the cylinder a strip of Webril bandage soaked with water in order to keep the column saturated with water. The columns were made 20 cm high in loo-ml graduated cylinders; they were prepared in 60 layers of different densities, and they were kept for 1 week before use to allow saturation with water and diffusion of the layers. The cylinder was immersed in a water jacket containing a solution of copper sulfate (to reduce temperature changes due to radiation), and the jacket in turn was immersed in a constant-temperature bath maintained at 23.0 C. The temperature of the water jacket varied by only 0.05 C, and presumably the temperature of the column itself varied less. The sample of perilymph or endolymph was released in the column by gentle air pressure and by abrupt upward movement of the micropipette; the samples of membranous semicircular canal with enclosed endolymph were pushed beneath the surface of the column with forceps and released. The position of a sample in the column was recorded periodically until it had stopped falling, and the density of the sample was taken to be the density of the column at the level at which the sample stopped. Each column was calibrated with glass spheres of known density and also with drops of saline of measured density (22), and was discarded when it became so crowded that it was difficult to keep track of the individual samples. Measurements of viscosity. Viscosities were measured with a miniaturized model of the rolling sphere viscometer first used by Flowers (5) and later developed by Hubbard and Brown (12). Two precision-bore glass tubes 5 cm long were cut from microliter pipettes of inner diameter 0.030 cm, and two tungsten carbide bearing balls with diameter 0.0250 cm and density 15.0 (Z!Z 1 %) g/ml were used. The viscosity of samples as small as 1 ~1 (.OOl ml) was readily measured, and bearing balls small enough to measure the viscosity of 0.2~~1 samples were available.
The viscometer (Fig. 2 ) included one track through a solid block, to accommodate a glass tube, and a second similar track in the same block, which was used to hold a thermistor probe. Each track was equipped with three photoelectric cells, which were con-MONEY ET AL.
special (miniature, low-heat output) lights for the photoelectric cells were turned on and the time required for the ball to roll through the sample along the standard part of the tube was measured repeatedly.
After the viscosity at 44 C (pigeon body temperature) was measured, measurements were taken also at 40 and 35 C to determine the dependence of viscosity on temperature. The viscosities were calculated from the equation
where 11 is the dynamic viscosity in centipoises, K is the instrument calibration constant (dimensions: cm2 set+), c is the density of the ball in grams per ml, p is the density of the liquid in grams per ml, and t is the time in seconds for the ball to traverse the standard course. Motion of the ball in both directions was observed so that with the larger samples, which extended to the positions of all three photocells, four separate measurements of viscosity could be made with each sample (Table 3) . Four corresponding values of K for each tube and its ball were also determined, using distilled water, ethanol, and butanol. netted through suitable circuitry to a Beckman Dynograph, and which were positioned to signal passage of the ball along the glass tube. The block could be positioned against stops so that the tracks were inclined 30' left side down or 30" right side down from earth horizontal, and a bubble device was incorporated for leveling. The viscometer was housed in a waterproof jacket and kept in a constant temperature bath at 44 C.
The samples of perilymph or endolymph, l-3 ~1 involume, were transferred with the micropipette directly from the pigeon to a viscometer tube, and they occupied a space approximately 1.1-3.3 cm long in the tubes. The position of the sample in the tube was adjusted so that the ball would reach terminal velocity before passing the first photo cell. The ball was pushed with a probe into the sample, and after a check was made for dirt or air bubbles with the microscope, the tube was sealed with Blenderm surgical tape and placed with standard orientation in the viscometer block. After a 15-min wait, the thermistor probe indicated the same temperature as the constant temperature bath, and the S'ecijic gravity of endolymph and peri&mph. The sample droplets fell quickly through the top of the density-gradient column and more slowly as they approached the equilibrium position, where the density of the column equalled the density of the droplet. Equilibrium positions were reached within 5 hr, and the droplets remained in these positions indefinitely thereafter. The specific gravities, at 23 C, of 19 samples of endolymph and 14 samples of perilymph were measured and tabulated previously (22). The mean value of the specific gravity of the endolymph samples was 1.0087 & .00049 (SD) and that of perilymph was 1.0076 =t .00058 (SD) relative to water at 4 C. The difference in these two values was significant at the .OOl level. Since the body temperature of the pigeons was 44 C, then, assuming that the volumes of these fluids vary with temperature in the same way as pure water, the specific gravities in the ear of the living bird are 1.0017 for endolymph and 1.0006 for perilymph.
Specific gravity ofcupula. The specific gravities of the samples of cupula in endolymph, and the specific gravities of pure (Fig. 3 ) is much stronger and thicker, and therefore possibly denser, than in cats, squirrel monkeys, and man.
Viscosity of endolymph and peri(ymph. The four separate Twelve samples each of endolymph and perilymph were collected free of blood and measured.
From 10 perilymph samples which filled enough of the tube to use all three photocells, and two which filled only enough of the tube to use two photocells, 44 values of the viscosity of perilymph were obtained.
Similarly, from one endolymph sample which filled enough of the tube to use all three photocells, and 11 samples which filled only enough of the tube to use two photocells, 26 values of the viscosity of endolymph were obtained.
At 44 C, the mean viscosity of perilymph was found to be 0.76 cp & .03 (4.4 %, SD), 1.24 times the viscosity of water at 44 C, and the mean viscosity of endolymph was found to be 1.19 cp f .057 (4.8 %, SD), 1.95 times the viscosity of water at 44 C.
When the temperature was changed from the physiological 44 to 40 C and then to 35 C, the viscosity of perilymph changed from 0.76 cp to 0.82 to 0.88, and the viscosity of endolymph changed from 1. tions) that the cupula occupied only about one-fourth the total volume of the cupula-in-endolymph samples, and it is possible, of course, that a difference in specific gravity between cupula and endolymph, of the order of one part in 2,000, exists but was not revealed by the technique used. It seems unlikely, however, that a direct action of linear accelerations or gravity on the cupula is of physiological importance, because the specific gravities of the cupula and the surrounding endolymph are at least very similar. From the inertial point of view, therefore, the cupula should move as if it were endolymph, in response only to angular accelerations, changes in the surrounding membranous walls, or other stimuli which move endolymph around the circle of the semicircular canal. The difference between the specific gravity of membranous canals with enclosed endolymph and the specific gravity of the surrounding perilymph is relatively large (3 %), and it seems possible that gravity or unusual linear accelerations (11, 16, 2 1, 24) could cause movement of the membranous system in this species. Viscosities. The values found in the present study, 0.76 cp for perilymph and 1.19 cp for endolymph at 44 C, are similar to those found in the pigeon (22) at 40 C, 0.78 cp for perilymph, and 1 .15 cp for endolymph, using one large pooled sample of each fluid. The viscosity of endolymph in the pike has recently been found to be 1.20 cp at 23 C (30). In man the viscosity of perilymph has been reported to be 0.802 (28) and 1.97 cp (35), and the viscosity of endolymph has been reported to be 1.04 (25) and 0.852 cp (28). Even after allowing for temperature differences the discrepancies between these reports are large and puzzling.
Of course, such small (1 or 2 mm3) samples have enormous relative surface areas and it is possible that, in some cases, significant drying of the samples could have occurred which would increase viscosity. It is also possible that viscosities vary according to location in the inner ear. In one study (28) the samples were centrifuged to remove blood and other contaminants, and the centrifuging could also have removed some of the normal constituents of the endolymph, which could decrease viscosity.
The viscosities of perilymph and endolymph in the pigeon have also been reported to be 1.7 and 2.9 times that of water, respectively (26), but the samples used for these determinations were collected after decapitation of the pigeon, and the endolymph sample was taken after removing perilymph from the membranous labyrinth with strips of blotting paper. It is known that changes in the endolymph of pigeons occur very quickly after interruption of the blood supply (4)) and removal of perilymph with blotting paper could have removed water from the endolymph. Also, these samples were measured at 18-20 C, rather than 44 C, which alone could account for the entire discrepancy.
Torsion pendulum theory of semicircular canal function. Endolymph movement in the semicircular canal is determined by inertial, frictional, and elastic forces. The circle of endolymph is completed through the utricular sac, and the semicircular canal might therefore better be called circular. where p is the density of the endolymph, r is the radius of the tube of endolymph ("small radius"), and R is the radius of the circle of the canal ("large radius").
In the anterior canal of the pigeon, p = 1 .0017 g/ml and r = 0.012 cm; the canal is only very roughly circular in form (Fig. l) , but dividing its length, 15 mm, by 2 7r gives an equivalent R = 0.24 cm, and so 8 = 3.9 X 10m5 g cm2. In the horizontal canal of the pigeon, r = 0.014 cm and R-0.16 cm, so 8 = 1.6 X 10m5 g-cm2. In the horizontal canal of man, using p = 1 .OO g/ml, r = 0.012 cm (13, 15), and R = 0.32 cm, 0 = 9.3 X low5 g-cm2.
It has been suggested (Mayne, in discussion of ref. 22) that the mass of the endolymph should be doubled in making the simple calculation of the moment of inertia of the endolymph ring, to take account of the fact that when the endolymph fluid moves it flows within the membranous walls with a parabolic distribution of velocities (laminar flow). Some values have been calculated in this way (18). The argument in favor of doubling the mass can be summarized as follows: the kinetic energy of the endolymph moving in the membranous canal with laminar flow and "average velocity," V, is twice as great as that calculated on the basis of a solid ring turning with tangential velocity, V, and therefore the effective moment of inertia of the endolymph ring in the membranous canal is twice as great as that of a solid ring of the same dimensions and mass. This is not a valid argument.
It can readily be shown that the angular momentum of the endolymph (unlike the kinetic energy) is defined by the average velocity and is independent of velocity variations along the cross section of the canal. The moment of inertia is therefore the same as if the endolymph were rigid and it should not be doubled because of laminar flow.
Determination of correct value of r. The small radius, r, of the anterior semicircular duct of the pigeon has been reported to be 0.022 cm (ZZ), but that measurement was made on the outside of the membranous duct with an operating microscope, and it was assumed that the thickness of the duct wall is negligible.
The duct wall in the pigeon is extraordinarily thick (Fig. 3) , and the inside radius is actually only 0.012 cm. It is difficult to know whether shrinkage of the membranous duct occurs with histological preparation, but in the pike (30) there is no noticeable difference between formalin-fixed and fresh specimens, and in celloidin sections of those species such as the cat, which in places has very little perilymph space (Fig. 3) , it can be seen that any shrinkage of the membranous duct must be very slight (unless the bone also shrinks).
Frictional moment per unit angular velocity. The moment of friction per unit angular velocity of the endolymph can be derived (18) from Poiseuille's law
where Q is the volume of liquid delivered per unit of time, Pl -P2 is the difference of pressure between the two ends of a tube of length 1, and 7 is the viscosity. But (P 1-W 2 rr2 = F, the force acting upon the liquid (which also equals the frictional force, f) so that Q = fr2/8 71. Moreover, the average velocity of the liquid, V = Q/rr2, so that V = fr2/8 qlrr2 or V = f/8 71~. Considering flow around a circular canal of large radius, R, the angular velocity ~3, in radians per second, = V/R = f/8 qlrR, and the length 1 = 2 rR, so that w = f/l 6 qr2R2. The moment of the force, f, acting at radius R is fR, so that the frictional moment per unit angular velocity fR/w = II = 16 qr2R3. It is interesting that II is not a function of the small radius, r, although r appears to the fourth power in Poiseuille's formula.
The reason for this is that the Poiseuille formula describes the volume of liquid delivered in unit time, rr2V, and it expresses the driving force as a pressure times the cross-sectional area (Pr -P2)7rr2 (18), where II describes only the frictional moment of force per unit velocity. In previous treatments (10, 34) the frictional moment has been divided by 2, assuming that half of the circle of endolymph is to be found within the utricular sac and that therefore the frictional moment is only half of that calculated on the basis of a complete circle. In fact, at least in man, squirrel monkey ( 13), cat, and pigeon, histological or even gross examination reveals that very close to one-fourth of the endolymph circle is located within the utricle. The expression derived for frictional moment per unit angular velocity on the basis of a complete circle should therefore be multiplied by 0.75 (not by 0.5), and thus becomes II = 12 q,lr2R3. This formula for II describes only the frictional moment of the endolymph in the membranous duct. The total frictional moment is greater than this, since dragging of the cupula on the ampullary wall (28) could produce relatively enormous frictional resistance, and movement of the endolymph through the ampulla and utricle could add roughly a further 2 %.
In the anterior semicircular canal of the pigeon v = 0.0119 poise and R = 0.24 cm, so that II = 0.019 g cm2 set-l. In the horizontal semicircular canal of the pigeon, R = 0.16 cm and II = 0.0058 g cm2 se& Ratio II/e. The ratio of the moment of friction per unit angular velocity to the moment of inertia of the endolymph ring, in general, = 12 q7r2R3/2 pT2r2R3 = 6 qlpr2. The ratio has formerly been described as 4 q/pr2, but that expression is based on the incorrect assumption that fully one-half of the endolymph circle is located in the utricle. In the pigeon n/e = 495 set-l for the anterior canal and 364 set-l for the horizontal canal. The ratio II/0 of the horizontal semicircular canal of man, assigning the viscosity of water to human endolymph and using r = 0.012 cm (13, 15), is 289 set-l; using the viscosity of pigeon endolymph it is 495 set-I. Values of II/e of the order of 200 set-l have been suggested previously (17, 22, 27, 28), but they have been largely ignored in favor of values of the order of lo-35 set-I. These much smaller values have been supported by physical calculations and by certain psychophysical and neurophysiological data, and they are well enough entrenched to warrant careful consideration of the evidence on which they are based. The ratio II/0 in man has been reported to be 27 set-l (34). In the calculation of this value 4 q/pr2 was used instead of 6 r]/pr2, 0.006 poise was used for the viscosity of endolymph (the viscosity of water at 37 C is 0.0069 poise) and, most important, the value 0.03 cm, which is the diameter of the membranous canal in man (13, 15), was used for the radius of the canal. Correction of these three factors would result in an approximately sevenfold increase in the value calculated.
In the same study, psychophysical data were used to derive the value 10 set-1 for II/e, but this derivation was based on the assumption that the cupula is displaced according to the principles of a torsion pendulum and also on the assumption that the subjective measure of angular velocity in man is directly proportional to the angular displacement of the cupula.
The ratio II/6 has been calculated dimensionally also for the horizontal canal of the ray and found to be 35 see-l (10). Again, however, the calculation was made using 4 q/pr2 instead of 6 T,/pr2 and using the viscosity of water at 20 C. From studying single neural units from the horizontal canal of this species it was concluded (10) that the cupula-endolymph system behaves like a true pendulum and that n/e Z 35 set-l. These conclusions were based "exclusively" on units "showing equal sensitivity over a considerable range both to ipsilateral and contralateral acceleration," and when a torsion swing stimulus was used, the results were considered CCnot reliable" if "the plot of impulse frequency against time, which ought to be a sine curve, showed distortion." In other words, data from units which fit the pendulum model in this particular way were selected. The authors (10) mention, and it has been found also in other species (6), that a variety of responses are found among canal units. It is not surprising, therefore, that some units with this particular fit to the pendulum model could be found, but to make conclusions about the physical properties of the semicircular canal from the resulting data it must be assumed that only these unusual units (unlike the majority of units) exhibit a frequency difference from the resting level which is directly proportional to the angular deviation of the cupula. Implications of physical properties f or basic theory of semicircular canal function. It seems clear that the small (lo-35 see-l) values of the ratio II,@ are not supported by the evidence, especially in man, squirrel monkey, cat, and pigeon; on the basis of measured physical dimensions, viscosity and specific gravity, the larger values (greater than 200 set-l) are inescapable. The assumptions underlying the small values derived from psychophysical and neurophysiological data must therefore be questioned.
In the study of human sensation (34), for example, because of the impossibly small value of II,@ which follows, it cannot be accepted both that the cupula is displaced according to the principles of a torsion pendulum and that the subjective measure of angular velocity is directly proportional to the angular displacement of the cupula. The same point could be made with respect to the speed of the slow component of nystagmus. The torsion pendulum theory is perhaps incorrect in its assumption that the semicircular canal responds similarly to large and small angular accelerations, and it seems reasonable to suggest that there is one kind of cupular movement (the classical movement, mostly at the distal end of the cupula) for large angular accelerations and another kind of cupular movement (near the hair cells exclusively, with the distal end of the cupula remaining motionless) for small
